Research in contextEvidence before this studyThe high endothelial venule (HEV) is a highly specialized blood vessel found only in the lymph nodes (LN) and tonsils of healthy individuals. Assessment of the presence of HEVs in cancer tissues including PDAC has gained considerable interest recently. We have shown previously that MECA79 monoclonal antibody (mAb)-coated particles localize to the LN, where MECA79 mAb recognizes PNAd molecules expressed on the surface of the HEVs.Added value of this studyOur data support the notion that the desmoplastic region of PDAC contains HEVs. Here, for the first time, we demonstrate that MECA79 mAb-coated particles home to implanted human PDAC in humanized mice. Treatment with MECA79-Taxol-NPs improved the efficacy of Paclitaxel significantly in suppressing the growth of PDAC.Implications of all the available evidenceOur HEV-targeted platform of therapeutic delivery carries significant transformative potential in improving the treatment of PDAC, one of the most refractory human cancers.Alt-text: Unlabelled Box

1. Introduction {#s0025}
===============

Pancreatic ductal adenocarcinoma (PDAC) belongs to a lethal family of cancers \[[@bb0005],[@bb0010]\], and it is estimated to become the second most common cause of cancer deaths by 2030 \[[@bb0015]\]. Although advanced surgical techniques, combinational chemotherapeutic agents, and adjuvant therapies have been employed to tackle this deadly disease, the overall prognosis of PDAC has remained unsatisfactory \[[@bb0020]\]. Nearly 80% of PDAC patients have an unresectable tumor at the time of diagnosis \[[@bb0010]\], and these patients experience a five-year survival of about 8% for all stages combined \[[@bb0025]\]. Among several obstacles that have plagued progress toward an effective therapy, an important factor hindering the penetration of chemotherapy drugs has been poor vascularization associated with the dense tumor tissue microenvironment \[[@bb0030], [@bb0035], [@bb0040]\]. One of the key features of PDAC is over-production of extracellular matrix fibers by pancreatic stellate cells, referred to as a desmoplastic reaction, which can result in a fibrotic and hypo-vascular environment that contributes to low drug penetration and delivery \[[@bb0045],[@bb0050]\].

Nanotechnology provides opportunities to tackle treatment-refractory conditions, such as cancer, through smart systems of delivery for relevant drugs to the tumor sites. The majority of the earliest anti-cancer nanocarriers were designed on the basis of the enhanced permeability and retention (EPR) effect \[[@bb0055],[@bb0060]\]. EPR delivery systems rely on the long-standing observation that tumor vasculature is leaky and thereby allows for high penetration of drugs within the tumor environment \[[@bb0065]\]. However, recent studies have questioned the role of EPR as a dominant mechanism that governs the trafficking of drugs to the site of the tumor \[[@bb0070]\]. For instance, the porosity of tumor vasculature has been found to be dependent on the individual tumor model. In addition, the uptake of nanoparticles (NPs) by Kupffer cells in the liver could reduce potentially the delivery of the drug to the tumor to a miniscule percentage (\<1%) of the administered amount \[[@bb0075]\].

Active, targeted delivery often relies on surface modification of the NPs with an antibody or peptide to interact with a ligand or receptor of interest \[[@bb0080]\]. The interaction of NPs with an endothelial cell represents an early locus that can control the trafficking of circulating NPs to the targeted tissue. A limitation with this method of delivery is the ubiquitous expression of common molecules by endothelial cells, which may increase the rate of off-target effects \[[@bb0040]\].

The high endothelial venule (HEV) is a highly specialized blood vessel that is found only in the lymph nodes (LN) and tonsils in the usual healthy state \[[@bb0085]\]. In contrast to normal venules that contain flat endothelial cells, HEVs contain cuboid endothelial cells of greater height that express a series of sialyl-Lewis^X^-coated proteins, referred to as peripheral node addressin (PNAd) molecules \[[@bb0085]\]. MECA79 is a monoclonal antibody (mAb) that recognizes all of the PNAd molecules \[[@bb0090]\]. Interestingly, HEVs are also formed ectopically in chronically inflamed tissues as well as in a wide variety of cancers including PDAC \[[@bb0095], [@bb0100], [@bb0105], [@bb0110]\]. We have previously shown that microparticles coated with MECA79 localize to lymph nodes through their interaction with HEVs \[[@bb0115]\]. Given that MECA79 mAb also recognizes the ectopic HEVs in the tumors, we hypothesized that MECA79-coated NPs can home to PDAC by binding to the HEV structures in these tumors. Thus, MECA79-coated NPs afford opportunities to deliver chemotherapeutics to PDAC.

2. Materials and methods {#s0030}
========================

2.1. Cell line, mice and human PDAC tissue {#s0035}
------------------------------------------

Human pancreatic adenocarcinoma cell line BxPC-3 (CRL-1687) was purchased from American Type Culture Collection (ATCC). NOD.Cg-*Prkdc*^*scid*^*IL2rg*^*tm1Wjl*^/SzJ (NSG) (JAX\#005557) mice were obtained from The Jackson Laboratories. Male or female mice were used at 6--10 weeks of age and housed in sterilized, ventilated cages in a specific pathogen-free animal facility under a standard 12 h light/12 h dark cycle. Mice were fed irradiated food and water *ad libitum*. All animal experiments and methods were performed in accordance with the relevant guidelines and regulations approved by the Institutional Animal Care and Use Committee of Brigham and Women\'s Hospital, Harvard Medical School, Boston, MA. Human pancreatic ductal adenocarcinoma tumors for research purposes were collected at the University of Massachusetts Medical School under informed consent IRB ID: H00004721. The specimens were completely anonymous and had no direct identifiers and no codes or indirect identifiers that link back to subjects.

2.2. Synthesis of MECA79 conjugated NP {#s0040}
--------------------------------------

The poly([d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic) acid (PLGA)-based copolymers were purchased from PolySciTech®, Akina Inc. Methoxy Poly (ethylene glycol)-b-PLGA copolymer (mPEG-PLGA, MW 5,000:30,000 Da, 50:50 LA:GA (w:w)) and PLGA-b-poly(ethylene glycol)-maleimide (PLGA-PEG-MAL, Mw \~30,000--5,000 Da, 50:50 LA:GA (w:w)) were used as the core polymers. The NPs were engineered using self-assembly single step nanoprecipitation. PEG-PLGA and maleimide-PEG-PLGA were dissolved in acetone. Paclitaxel (Taxol) (LC Laboratories, USA), Oregon Green™ 488 Conjugate (Oregon Green™ 488 labeled Taxol, Flutax-2, Thermo Fisher Scientific, US, referred to as \*Taxol), or IRDye 800CW Carboxylate (LI-COR, USA) was added to the polymer mixture, vortexed and then added dropwise to a 0.015% aqueous solution of polyvinyl alcohol under vigorous stirring to formulate Taxol-NPs, \*Taxol-NPs, or IR800-NPs. Then, the NP suspension was stirred for 2 h, and the NPs were concentrated by centrifugation using Amicon Ultra-15 centrifugal filter units (MWCO 100 kDa; Sigma-Aldrich) at 3,750 × rpm in intervals of 5 min. The resulting NPs were washed with Dulbecco\'s phosphate-buffered saline (DPBS) (Mediatech, Inc., Manassas, VA) and resuspended in 1 mL of DPBS.

The anti-mouse/human PNAd antibody (MECA79, NOVUS Biologicals) was conjugated to the functional group of NPs using thiol-maleimide chemistry. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 0.5 M, Sigma-Aldrich) was used to cleave thiol groups of MECA79 mAb. 30 μg of MECA 79 mAb was mixed with 30 μl of TCEP and incubated for 15 min at room temperature, then it was mixed with the NP suspension. The MECA79-NPs were stored at 4 °C prior to use.

2.3. Characterization of NPs {#s0045}
----------------------------

The size distribution of NPs was determined using Dynamic Light Scattering (DLS) as previously described \[[@bb0120]\]. The morphology of NPs was observed by transmission electron microscopy (TEM). Freshly prepared NPs were deposited on 200-mesh Formvar/carbon-coated copper grids and negatively stained with 0.75% uranyl formate stain, before imaging with a Tecnai G2 Spirit BioTWIN electron microscope equipped with an AMT 2 k CCD camera and low-dose software. The loading of Taxol was determined using ultraviolet-visible (UV-VIS) spectrophotometer as previously described \[[@bb0120]\]. A calibration curve of the absorbance at 230 nm for various concentrations of Taxol was prepared. The absorbance of the supernatants and samples were compared with this calibration curve to determine the loading efficiency of Taxol.

2.4. Release kinetics of Taxol {#s0050}
------------------------------

To quantify the release profile of Taxol from the NPs, \*Taxol-NPs or MECA79-\*Taxol-NP were incubated at 37 °C in triplicate. At predetermined time intervals, the NPs were removed, transferred to Amicon Ultra-15 centrifugal filter units (MWCO 10 kDa; Sigma-Aldrich), and centrifuged at 3,750 × rpm for 5 min. The filtrate was analyzed with a UV-VIS spectrophotometer, and absorbance was measured at 488 nm to determine the amount of released Taxol at each time point.

2.5. MTT assay {#s0055}
--------------

The standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) protocol was utilized to assay the cell viability. Briefly, the BxPC-3 cell line was cultured in a 96-well plate (2 × 10^5^ cells/well) and incubated at 37 °C in 5% CO~2~ overnight. Next, empty NPs, Taxol-NPs and free Taxol were added to the cells and incubated at 37 °C in 5% CO~2~ for 24 h. Then, the MTT solution (5 mg/ml) was added to each well, and the cells were incubated for another 4 h. Upon removal of the MTT solution, the formed formazan crystals were solubilized with isopropanol for 15 min, and the proportion of formazan to the number of viable cells was determined by an absorbance microplate reader (Versa MAX, Molecular Devices).

2.6. Pancreatic tumor implantation {#s0060}
----------------------------------

The human PDAC tumor was cut into 3--5 mm^3^ pieces with a razor blade on a sterilized petri dish. A small incision was made in the skin on the lower back of NSG mice, and the PDAC tumor was implanted subcutaneously. The tumor growth was monitored three times per week by digital caliper (Fisherbrand™Traceable™Digital Calipers).

2.7. *In vivo* targeting of human PDAC by NPs {#s0065}
---------------------------------------------

To study the trafficking of NPs, the tumor-bearing mice were anesthetized *via* inhalation of isoflurane/oxygen, and IR800-NPs or MECA79-IR800-NPs were administered intravenously. The trafficking of the fluorescently labeled NPs was studied using a UVP iBox® Explorer2™ Imaging Microscope equipped with a 750--780 nm excitation filter and an 800 nm long-pass emission filter. For live imaging, mice were anesthetized and placed inside the dark box in prone position. For *ex vivo* imaging, the mice were sacrificed *via* carbon dioxide inhalation and cervical dislocation. Then, the pancreatic tumors were harvested for imaging.

2.8. Immunofluorescence and Immunohistochemistry staining of tumor {#s0070}
------------------------------------------------------------------

Frozen OCT blocks of tumors were cut using a cryostat into 8-μm thick sections and were stained using anti-PNAd (MECA79), anti-human CD31 (WM59, BioLegend), anti-Caspase-3 (4-1-18, BioLegend), anti-Collagen I (abcam), anti-Collagen IV (abcam), anti-Fibronectin (abcam), anti-alpha smooth muscle Actin (α-SMA, abcam), HECA 452 (HECA-452, BioLegend), anti-human HLA-A,B,C antibody (W6/32, BioLegend) and anti-mouse/human Ki-67 (11F6, BioLegend) antibodies. DAPI (VECTASHIELD, Vector Laboratories Burlingame, CA) was used to stain the cell nuclei. The stained tissue sections were imaged using a fluorescent confocal microscope and an EVOS FL2 auto microscope. For immunohistochemistry (IHC) staining, the human post-mortem PDAC samples were stained with anti-mouse/human PNAd (MECA79).

2.9. PDAC treatment {#s0075}
-------------------

When the size of the implanted tumor reached 8 mm in diameter, the mice were randomized into different groups and given specified treatments: Group \#1 was the control and received no treatment; Group \#2 received free Taxol; Group \#3 received Taxol-NPs; and Group \#4 received MECA79-Taxol-NPs. All mice received intravenous injections three times a week for two weeks, followed by twice a week for one week. The Taxol dose was fixed at 0.5 mg/kg among Groups \#2--4. The body weight and tumor size of the animals were monitored throughout the treatment course.

Antitumor activity was evaluated in terms of tumor volume (*V*), in which *l, w*, and *h* are the length, width, and height of the tumor as measured by a digital caliper, defined as$$V = l \times w \times h$$

The tumor growth inhibition (TGI), in which V~c~ and V~t~ are the volume of the control tumor and tumor in treated groups at the end of the study, respectively, and V~o~ is the average starting volume, was thus estimated as follows$$\mathit{TGI}\left( \% \right) = \frac{\left( {V_{c} - V_{t}} \right)}{\left( {V_{c} - V_{o}} \right)} \times 100$$

2.10. RT-PCR assay {#s0080}
------------------

RNA was isolated with TRIZOL (Invitrogen), and the first strand of cDNA was synthesized using 1 μg of RNA and High-Capacity Reverse Transcriptase (Invitrogen). RT-PCR was performed with SYBR Green PCR reagents. RNA levels were normalized to the level of GAPDH and calculated as delta-delta threshold cycle (ΔΔCT). Primers used for RT-PCR are listed as follows: GAPDH-For: AGCCACATCGCTCAGACAC, GAPDH-Rev: GCCCAATACGACCAAATCC; VEGF-For: CTACCTCCACCATGCCAAGT, VEGF-Rev: GCAGTAGCTGCGCTGATAGA; All RT-PCR reactions were performed in triplicate.

2.11. Statistics {#s0085}
----------------

Two-way ANOVA or one-way ANOVA analysis were used for comparison of experimental groups. Student\'s *t*-test was used for comparison of two groups. Differences were considered to be significant for \**p* ≤ 0.05, \*\**p* ≤ 0.01 and \*\*\**p* ≤ 0.001. Prism software was used for data analysis and to prepare graphs (GraphPad). Data represent mean ± SEM.

3. Results {#s0090}
==========

3.1. Presence of ectopic HEVs in PDAC {#s0095}
-------------------------------------

As outlined above, HEVs are formed newly in some malignancies, including PDAC \[[@bb0125]\]. This characteristic provides an unprecedented opportunity to test the efficacy of HEV-targeted delivery for the treatment of PDAC. We screened six post-mortem PDAC samples. All of these tissues contained *de novo* HEVs, when analyzed by immunohistochemistry staining of PNAd (marked with asterisks in [Fig. 1](#f0005){ref-type="fig"}a, 1--6). The cuboid endothelial cells of the HEV can be observed in a high-magnification IHC image of a PNAd^+^ vessel in the PDAC tumor ([Fig. 1](#f0005){ref-type="fig"}b).Fig. 1Immunohistochemistry and immunofluorescence analysis of human PDAC. (**a**) Representative images from immunohistochemistry analysis of human PDAC samples from post-mortem showing ectopic PNAd^+^ venules (marked by \* in the images, *n* = 6, scale bar = 100 μm). (**b**) A representative high-magnification IHC image of a PNAD^+^ vessel in the PDAC (Scale bar = 75 μm). (**c**) Immunohistochemistry staining of the human PDAC prior to implantation into the NSG mice confirming PNAd expression in the tissue. (**d**) Representative images of PNAD^+^ vessels (green) surrounded by Fibronectin (red) and αSMA (red) (Scale bar = 100 μm).Fig. 1

We propagated PDAC tumor samples (using NSG mice) from a tumor that was resected from a patient with advanced PDAC. Implants were placed in NSG mice, and the tumor was removed to assess the presence of HEV post-implantation. Immunohistochemistry showed the presence of *de novo* HEVs (ectopic HEVs) in this PDAC sample ([Fig. 1](#f0005){ref-type="fig"}c). Further localization of the PDAC *via* immunofluorescence staining showed the presence of HEVs within the dense desmoplastic regions of the tumor ([Fig. 1](#f0005){ref-type="fig"}d). The HEV structures were detected within the dense extracellular matrix (ECM) of the PDAC, as evidenced by staining the ECM components with fibronectin and α-smooth muscle actin (α-SMA), as shown in [Fig. 1](#f0005){ref-type="fig"}d \[[@bb0130]\]. To prove further that these vascular structures were HEVs, we also used HECA452 antibody (recognizes sialyl Lewis^x^), which stained the structures that were identified as HEVs (Supplementary Fig. 1a). The use of human Class I HLA antibody revealed that the HEVs co-stained with anti PNAD antibody, suggesting that at least a portion of these HEVs remain of human origin (Supplementary Fig. 1b).

3.2. Targeting PDAC in NSG mice using MECA79-IR800-NPs {#s0100}
------------------------------------------------------

Next, we tested the capacity of MECA79-NPs to localize to human PDAC following implantation into NSG mice. The PDAC-bearing NSG mice were injected with MECA79-IR800-NPs or non-conjugated IR800-NPs intravenously and imaged after 24 h. MECA79-IR800-NPs trafficked to the PDAC at a greater rate than that of the untreated control and non-conjugated IR800-NPs (*n* = 4 mice/group) ([Fig. 2](#f0010){ref-type="fig"}a). The mean fluorescence intensity (MFI) of the PDAC in the MECA79-NP-injected mice was significantly higher than the mice injected with non-conjugated IR800-NPs (4.5 ± 0.5 × 10^4^ *vs.*1.1 ± 0.2 × 10^4^, \*\*\**p* \< 0.001, student\'s *t*-test, n = 4 mice/group) ([Fig. 2](#f0010){ref-type="fig"}b). We also examined PDAC tissue to assess the pattern of trafficking of MECA79-IR800-NPs. The MECA79-IR800-NPs (in red) were localized to the vicinity of HEVs (in green) in the tumor ([Fig. 2](#f0010){ref-type="fig"}c). The arrows point to the areas of accumulation of MECA79-IR800-NPs in the tumor section.Fig. 2Targeted delivery of NP to the PNAd-expressing HEV in PDAC. (**a**) Whole-body NIR fluorescent imaging showing higher trafficking of MECA79-IR800-NPs to PDAC, as compared to non-conjugated IR800-NPs. The dashed area in each image represents the PDAC tumor *in vivo* and *ex vivo* post-harvest, respectively. (**b**) Corresponding MFI of the tumor showing a significant increase in trafficking of MECA79-IR800-NPs, as compared to the non-conjugated IR800-NPs. The data are presented as the mean and SEM (n = 3). (\*\*\**p* \< 0.001, student\'s *t*-test). (**c**) Representative immunofluorescence micrograph of the tumor 24 h post-injection of MECA79-IR800-NPs (red) demonstrates their presence around HEV (green). The red arrows point to the areas of MECA79-IR800-NP accumulation in the tumor (Scale bar = 100 μm).Fig. 2

3.3. Synthesis and characterization of MECA79-Taxol-NPs {#s0105}
-------------------------------------------------------

We evaluated whether our model of targeted trafficking of NPs results in increased delivery and improved efficacy of a chemotherapeutic drug. We synthesized PLGA-based NPs encapsulating paclitaxel (Taxol-NPs). [Fig. 3](#f0015){ref-type="fig"}a shows the electron microscopy imaging of Taxol-NPs with spherical shape. The surface of the NPs was then modified with MECA79 mAb to form a delivery platform to target HEVs within PDAC. The average size of MECA79-Taxol-NPs was significantly higher than the Taxol-NPs (123.7 ± 8.2 nm *vs.* 80.9 ± 2.8, \*\**p* \< 0.01, student\'s *t*-test, *n* = 5/group) ([Fig. 3](#f0015){ref-type="fig"}b). The Taxol was released from the NPs in a sustained manner during a one-week time period ([Fig. 3](#f0015){ref-type="fig"}c). The loading efficacy of Taxol in the NPs varied between 15%--30%.Fig. 3Formulation and characterization of MECA79-Taxol-NPs. (**a**) Representative TEM images of Taxol-NP (Scale bar = 100 nm) (**b**) Hydrodynamic diameter of non-conjugated and MECA79-conjugated Taxol-NPs. The data are presented as the mean and SEM (n = 6). (**c**) Release kinetics of Taxol from NPs over one-week. The data are presented as the mean and SEM (n = 3). (**d**) Taxol-NPs induced similar levels of apoptosis in pancreatic cancer cells *in vitro* in comparison to free Taxol. (**e**) The MFI of tumors showed significantly higher accumulation of \*Taxol in MECA79-\*Taxol-NP group, as compared to \*Taxol group (\**p* \< 0.05, student\'s *t*-test). The data are presented as the mean and SEM (n = 3). (**f**) Immunofluorescence staining of PDAC tissue showed that MECA79-\*Taxol-NPs (green) were present within the ECM (Collagen IV, in red) of tumor at a higher number, as compared to the control group (Scale bar = 100 μm).Fig. 3

Next, we tested the efficacy of Taxol-NPs in killing pancreatic adenocarcinoma cells *in vitro* using the MTT assay. The Taxol-NPs were as effective as free Taxol and resulted in significant tumor cell death ([Fig. 3](#f0015){ref-type="fig"}d).

Oregon Green™ 488 Taxol (\*Taxol) was used to confirm the targeted delivery of Taxol to tumor. Either \*Taxol or MECA79-\*Taxol-NP was injected intravenously into PDAC-bearing NSG mice, and tumors were harvested 24 h post-injection for *ex vivo* imaging. The MFI of tumors was significantly higher in the MECA79-\*Taxol-NP group, as compared to the \*Taxol group ([Fig. 3](#f0015){ref-type="fig"}e). Immunofluorescence imaging of the PDAC tissue showed that more MECA79-\*Taxol-NPs were present within the ECM of the tumor, as compared to the control group ([Fig. 3](#f0015){ref-type="fig"}f).

3.4. Therapeutic efficacy of MECA79-Taxol-NPs {#s0110}
---------------------------------------------

We investigated the efficacy of MECA79-Taxol-NPs in the treatment of PDAC in NSG mice. Tumors were implanted into NSG mice, and the mice were randomized on the basis of tumor size and assigned to four different groups: control (no treatment), free Taxol, Taxol-NPs, and MECA79-Taxol-NPs.

The results demonstrated a marked reduction in the size of the PDAC during the course of treatment. The size of the tumor at the end of the study was significantly lower in mice treated with MECA79-Taxol-NPs (1.4 ± 0.4 × 10^3^ mm^3^), as compared to the no treatment group (6 ± 1.4 × 10^3^ mm^3^), the free Taxol treatment group (3.3 ± 0.3 × 10^3^ mm^3^), or the Taxol-NP treatment group (4.2 ± 1.3 × 10^3^ mm^3^, \*\*\**p* \< 0.001, ANOVA, *n* = 5 mice/group) ([Fig. 4](#f0020){ref-type="fig"}a). Non-conjugated Taxol-NP treatment, which relies solely on the EPR effect, was not effective, and the average size of the tumor in this group was similar to no treatment and free Taxol treatment groups. Furthermore, the final weight of the tumors in the mice treated with MECA79-Taxol-NPs was significantly smaller in comparison to the no treatment, free Taxol, and Taxol-NP treatment groups (Taxol dose = 0.5 mg/kg, \**p* \< 0.05, \*\**p* \< 0.01, ANOVA, n = 5 mice/group) ([Fig. 4](#f0020){ref-type="fig"}b). Representative images of tumors from each group at the end of the study are shown in [Fig. 4](#f0020){ref-type="fig"}b.Fig. 4Therapeutic efficacy of MECA79-Taxol-NPs. (**a**) Improved efficacy in delivering Taxol to PDAC was observed in mice treated with MECA79-Taxol-NPs, as compared to no treatment, free Taxol, and Taxol-NPs (Taxol dose =0.5 mg/kg, \*\*\**p* \< 0.001, ANOVA, n = 5 mice/group). Arrows indicate the days of treatment. The data are presented as the mean and SEM. (**b**) The final weight of the tumor in mice treated with MECA79-Taxol-NPs was significantly lower, as compared to the no treatment, free Taxol, and Taxol-NP treatment groups. (\**p* \< 0.05, \*\**p* \< 0.01, ANOVA, n = 5 mice/group). The data are presented as the mean and SEM.Fig. 4

Finally, we calculated the tumor growth inhibition rate for each treatment group. The tumor growth inhibition rate almost doubled when mice were treated with MECA79-Taxol-NPs, as compared to the mice treated with a similar dose of free Taxol (68.02 ± 1.8 *vs.*36.91 ± 0.5, \*\*\**p* \< 0.001, student\'s *t*-test, n = 5 mice/group).

3.5. Immunofluorescence characterization of the PDAC {#s0115}
----------------------------------------------------

Assessment of the tumor tissue by immunofluorescence staining post-treatment revealed the presence of more apoptotic cells (caspase-3^+^, [Fig. 5](#f0025){ref-type="fig"}a) in the targeted treatment group in comparison to the other groups. Caspase-3 is one of the cysteine proteases associated with Taxol-induced programmed cell death \[[@bb0135]\]. The percentage of caspase-3^+^ cells doubled when the mice were treated with MECA79-Taxol-NPs (66.42 ± 2.84%), as compared to Taxol-NPs (29.25 ± 2.17%) and free Taxol (36.58 ± 2.74%) ([Fig. 5](#f0025){ref-type="fig"}b). Apoptotic cells were located in close proximity to the vasculature (CD31^+^ and HEV, [Fig. 5](#f0025){ref-type="fig"}c). In addition, immunofluorescence staining of the PDAC using a cellular marker of proliferation (Ki67) demonstrated a higher percentage of Ki67^+^ cells in the Taxol-NP group, as compared to the MECA79-Taxol-NP group (47.7 ± 2.9% *vs.* 14.4 ± 1.8%, \*\*\**p* \< 0.0001, student\'s *t*-test) ([Fig. 5](#f0025){ref-type="fig"}a and d). Proliferating cells were located around the CD31^+^ vasculature, but we observed very few around the HEV ([Fig. 5](#f0025){ref-type="fig"}e).Fig. 5Histological analysis of PDAC following treatment with MECA79-Taxol-NPs. (**a**) Immunofluorescence staining of the tumor at the end of the study demonstrated that treatment with MECA79-Taxol-NPs resulted in higher apoptosis (caspase-3^+^) of cancer cells, lower cellular proliferation (Ki67^+^), and decreased vascularization (CD31^+^) (Scale bar = 200 μm). (**b**) Quantification of the caspase-3^+^ cells using ImageJ software (\*\*\**p* \< 0.001, ANOVA, n = 3 mice/group). The data are presented as the mean and SEM. (**c**) Representative immunofluorescence images of the PDAC tumor for markers of vasculature (CD31 and PNAd in green) and apoptosis (caspase-3 in red) following treatment with MECA79-Taxol-NPs (Scale bar = 200 μm). (**d**) Quantification of the Ki67^+^ cells using ImageJ software (\*\*\**p* \< 0.001, student\'s *t*-test, n = 3 mice/group). The data are presented as the mean and SEM. (**e**) Representative immunofluorescence images of the PDAC tumor for markers of vasculature (CD31 and PNAd) and proliferation (Ki67) in the no-treatment group (Scale bar = 200 μm for CD31, 100 μm for PNAd). (**f**) Immunofluorescence staining for collagen I (red) of the PDAC tumor comparing the groups that received no treatment and MECA79-Taxol-NP (Scale bar = 100 μm).Fig. 5

The PDAC in mice treated with MECA79-Taxol-NPs also demonstrated lower vascularization (CD31) as compared to the other groups ([Fig. 5](#f0025){ref-type="fig"}a). To assess the activity of vascular cells, the expression levels of VEGF genes were compared between the four groups. The expression of VEGF downregulated significantly in the tumor following treatment with MECA79-Taxol-NPs, while the expression levels remained the same in the no treatment, free Taxol, and Taxol-NP treatment groups (Supplementary Fig. 2a). Diminished microvessel intensity and VEGF expression levels have been reported previously as a result of Taxol treatment \[[@bb0140]\]. Taken together, our findings that demonstrate higher cellular apoptosis, along with lower cellular proliferation and vascularization, demonstrate efficient delivery of Taxol to PDAC using our targeted platform. To evaluate the changes in ECM deposition, PDAC tumors from the control and MECA79-Taxol-NP treatment groups were stained for Collagen I. Interestingly, Collagen I deposition was decreased, and the matrix became thinner and disrupted in the MECA79-Taxol-NP treated mice as compared to the control group ([Fig. 5](#f0025){ref-type="fig"}f).

4. Discussion {#s0120}
=============

PDAC remains one of the most lethal malignancies \[[@bb0005],[@bb0010]\]. Nearly 80% of PDAC patients are not eligible for tumor resection at the time of diagnosis, due to the presence of locally advanced disease or distant metastases. The mainstay of treatment for patients with advanced PDAC is palliative therapies, including chemotherapy and radiation \[[@bb0145]\]. Gemcitabine-based combination therapy has gathered momentum recently, but the overall prognosis for PDAC remains dismal \[[@bb0150],[@bb0155]\]. Therefore, the development of an innovative therapeutic strategy aimed at improving the outcomes of PDAC patients constitutes a major unmet need.

The use of NPs provides an opportunity to target various pathological arms of PDAC. NPs can be modified for a number of variables to improve their anti-tumor efficacy, including charge, size, and shape \[[@bb0160],[@bb0165]\]. A few reports have described the use of NPs to counter resistance toward gemcitabine. One method utilizes NPs to improve the overall kinetics of gemcitabine (*i.e.*, increasing its half-life) or to increase the cellular uptake of gemcitabine by the tumor \[[@bb0170]\]. Others have formulated polymeric NPs encapsulating curcumin, which increased its systemic bioavailability and resulted in increased suppression of PDAC in animals, as compared to free drugs \[[@bb0175]\]. The utility of NPs also centers on their potential to target specific molecular targets of the cancer. Epidermal growth factor receptor (EGFR) \[[@bb0180], [@bb0185], [@bb0190], [@bb0195]\], Mucin 1 (MUC1) \[[@bb0200]\], and Plectin-1 \[[@bb0205]\] are among the receptors on the surface of cancer cells being used to target PDAC. These tumor cells are not in direct continuity with the blood.

The dense microenvironment of the PDAC is a key feature of PDAC that contributes to its resistance to therapeutic agents \[[@bb0210]\]. The dense stroma of PDAC (a result mainly of overproduction of ECM by stromal cells) is largely hypovascular, which restrains the penetrance of therapeutics \[[@bb0215]\]. The dense microenvironment of PDAC contributes to its immune evasion as well. Therefore, a significant interest has arisen to modulate the PDAC stroma in order to increase the efficacy of therapeutics \[[@bb0035],[@bb0220], [@bb0225], [@bb0230]\], such as various transgenic mouse models in which genetically, enzymatically or pharmacologically induced remodeling of the stroma can increase the penetrance of gemcitabine.

One obstacle facing most treatment strategies is poor delivery of the drugs to the site of the tumor. Albumin-bound paclitaxel particles (nab-Paclitaxel) that interact with endogenous albumin transporters on endothelial cells of the tumor have been shown to traverse these cells effectively \[[@bb0235]\]. Liu et al. have targeted neuropilin-1 (NRP-1) on PDAC tumor vasculature in order to increase the penetration of silica NPs into the tumor \[[@bb0240]\]. They tested the co-administration of silica NPs and the cyclic tumor-penetrating peptide iRGD in patient-derived PDAC xenografts with low and high NRP-1 expression levels. They found that the silica NPs accumulated more extensively in the tumor with elevated levels of NRP-1 expression.

Our delivery platform has several unique qualities. PNAd-expressing HEVs are found in LNs normally, but PDAC peculiarly forms *de novo* HEVs \[[@bb0125]\]. Similarly, others have also demonstrated the expression of HEVs by other types of cancer and their potential implications in lymph node metastasis \[[@bb0245]\]. Our histological data indicate that these HEVs are embedded within the dense stroma. Targeting HEVs here presents an invaluable opportunity to develop a platform that could deliver several antineoplastic molecules that modulate the stromal milieu or enhance the local anti-tumor immune response. As noted in our histology data, chemotherapeutic agents could also target fibroblasts that surround the HEV, as demonstrated by their high expression of caspase-3.

Our delivery method can also target metastatic lesions hidden in the LNs. We have demonstrated previously that MECA79-coated particles can localize to HEVs in lymph nodes \[[@bb0120],[@bb0250]\]. We were unable to address involvement of the LNs by PDAC in our mouse model (as NSG mice lack LNs), but the efficacy of our strategy to target metastatic niches in LNs should be explored in the future, as PDAC commonly metastasizes to local and distant LNs \[[@bb0255]\]. Many PDAC patients die with advanced metastasis to the liver and lungs \[[@bb0260]\]. Metastatic lesions in lungs and liver may also form *de novo* HEVs. Future specific metastatic animal models are required to examine the presence of HEVs in metastatic lesions, especially in the liver and lungs.

The treatment of complex medical conditions often requires combinatorial strategies that target various pathologic arms of the disease. Though we used a standard chemotherapy drug to demonstrate a proof of concept in this study, future studies can focus on delivering more specific modulators. One example is to deliver agents that dampen the activity of regulatory T cells but potentiate the activity of effector immune cells \[[@bb0265]\]. The other important feature is that our NPs target endothelial cells primarily, rather than relying on passive accumulation. Interestingly, HEVs were found within the dense stroma of the pancreas. Our delivery platform could provide opportunities to deliver modulators of the extracellular matrix (ECM) to PDAC as well. Finally, the potential significance of our HEV-targeted delivery platform lies in its capacity to provide molecular imaging to detect the early formation of malignant tumors and LN metastasis. Expansion of HEVs is one of the earliest changes that occurs in LNs following invasion by cancer, a phenomenon that can be traced by devising tagged MECA79-NPs \[[@bb0085]\]. Furthermore, *de novo* formation of HEV in the pancreas can be detected with high positive predictive value, given that a normal pancreas does not contain HEVs. Indeed, the development of a molecular imaging technique that will enhance the ability to properly diagnose and stage PDAC in its nascent phase is a major unmet need that could improve its overall outcome.

Several limitations can be addressed in the future to further advance our delivery platform. Here, we used Taxol, but one could envision better efficacy with somewhat more promising drugs, such as gemcitabine or devising a combinatorial strategy with a newer agent such as oteracil \[[@bb0270]\]. Assessment of the efficacy of our delivery platform in treating metastatic niches in peripheral organs would also be a valuable pursuit, as these niches also may express HEV. Such an investigation would require the development of a predictable mouse model with metastatic PDAC lesions. Lastly, a more comprehensive examination of the pattern of HEV formation within the tumor, in regard to its vicinity with actual tumor or vasculature, its development, and its progression can greatly help to better predict and/or develop effective therapeutic strategies. Finally, testing the efficacy of our delivery platform in other types of HEV-bearing malignancies would add greater rigor.

Of note, emerging data indicate the presence of HEVs in other malignancies, such as metastatic melanoma, adenocarcinoma of the colon, breast cancer, and non-small cell lung cancer \[[@bb0275],[@bb0280]\]. Therefore, our new delivery platform can provide an avenue for the development of the next generation of nano-targeted modalities for the treatment of lethal cancers.
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Supplementary material Supplementary Fig. 1: (a) Immunofluorescence staining of PDAC with HECA452 (Scale bar = 100 μm). (b) Immunofluorescence staining of PDAC with PNAd and HLA (Scale bar = 100 μm).Supplementary Fig. 2: (a) Tumor treated with MECA79-Taxol-NPs expressed significantly less VEGF in comparison to the control groups, as assessed by RT-PCR. The data are presented as the mean and SEM (*n* = 4).Image 1
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